Proteomics refers to the study of the protein complement expressed by a genome and aims to understand protein expression, regulation, function, and interactions. Expression proteomics affords an unbiased image of the proteins potentially associated with or responsible for specific behaviors without requiring previous knowledge of the nature of these molecules. Recent technological advances in mass spectrometry, bioinformatics, and genome sequencing have made proteomics accessible to the study of non-model species and to different fields of biological research. In this review, we call the attention of behavioral ecologists to proteomic technologies and we highlight the great potential they offer for interdisciplinary research by 1) pointing out the advantages of the large-scale study of proteins, 2) suggesting research topics best tackled by this approach, and 3) indicating some of the techniques available for the identification and quantification of proteins. We also show how proteomic approaches can help formulate and test hypotheses on the mechanisms underlying behavior and develop experimental tools which allow the manipulation of behavior.
Prelude to Proteomics
Behavioral ecology has entered the "omics" era with the understanding that knowledge of "the molecular basis of behavior is critical for […] characterizing the evolutionary forces and constraints operating on these traits" (Grozinger 2010) . If molecular biology has profoundly reshaped behavioral ecology in the past decade (Owens 2006) , it is now the turn of systems biology (i.e., "omics" technologies) to leave a mark on research approaches in this field. Yet not all "omics" have been as present in behavioral ecology studies. Proteins are often the mediators of behavior (Sheng et al. 2006; Chamero et al. 2007; Sun, De Biasio, et al. 2012) , and specific behaviors frequently trigger specific changes in protein expression. However, proteomic techniques have only sporadically (though with great success) been applied to behavioral ecology.
The proteome is the protein complement expressed by a genome (Wilkins et al. 1996) and proteomics aims to describe the structure, function, and expression of all these proteins. The aim is quite ambitious, given that the single genome of an individual serves as blueprint for countless potential and realized proteomes. Although this makes the large-scale study of proteins challenging, it also represents the greatest advantage of proteomics. The dynamic and adaptable character of the proteome fuels its great potential for biological research ranging from cell biology and physiology to ecology and evolution. Proteomics has thus become a rapidly advancing, leading technology in the postgenomic era with a tremendous potential for interdisciplinary approaches.
Proteomic research clusters into 3 areas: 1) expression proteomics, the study of protein expression and regulation (including protein identification, quantification, and differential expression, e.g., under particular physiological or environmental conditions); 2) functional proteomics, investigating protein functions and protein interaction networks (with other proteins, lipids, DNA, ligands, etc.); and 3) structural proteomics, studying and modeling protein structure (e.g., inferring function from protein structure).
Expression proteomics has been extensively employed in all areas of biological research, including population and evolutionary biology (Karr 2008; Diz et al. 2012) . The use of proteomic technologies in helping to understand the variation and evolution of behavior has been somewhat held back by the fact that behavioral ecology often targets non-model organisms, for the study of which proteomics has for a long time been insufficiently equipped. However, technological advances in genome and transcriptome sequencing, mass spectrometry (MS), and bioinformatics have lately lifted most of these limitations, opening exciting possibilities for behavioral ecology research. In this review, we introduce the basic principles of proteomics, show how proteomic technologies can be and have been employed to answer behavioral ecology questions, and highlight some of the strengths and drawbacks of proteomic approaches. first proteomic tools were developed. So why then proteomics? What can a proteomics approach add to classical biochemistry and molecular biology approaches in behavioral ecology research?
Adaptation is ultimately written in the A, C, G, and T "language" of DNA, but natural selection acts at the phenotypic, rather than the gene level. Proteins are not only closer to the phenotype than their coding genes or intermediary transcripts (Diz et al. 2012) but are also responsible for it.
Due to technical limitations in the large-scale study of proteins, messenger RNA transcripts have long been used as a surrogate measure for protein expression. However, messenger RNA is just that, a messenger that allows proteins with specific functions to be built. The proteome is an order of magnitude more complex than the transcriptome and it is now largely recognized that there is a poor correspondence between the transcriptome and the proteome due to normal cellular and molecular processes related for example to epigenetic regulation, alternative splicing, posttranscriptional regulation, posttranslational protein processing, or RNA and protein turnover (Vogel and Marcotte 2012) . Proteomic analysis can therefore reveal proteins for which no transcript has been detected (Mack et al. 2006) or even new proteins and splice variants (Findlay et al. 2008) . As a consequence, quantitative information can only be obtained at the protein level and cannot be accurately deduced from transcript levels. Empirical results show that protein abundances correlate better between species than mRNA abundances, suggesting that selective pressure maintains protein expression at relatively constant levels despite varying mRNA levels (Schrimpf et al. 2009; Laurent et al. 2010) . At the same time, proteome profiling can afford a better differentiation of subpopulations than transcriptome analysis (Rees et al. 2011) .
Proteomics can further assist the correct interpretation of gene expression data by providing information on the posttranslational modification (PTM, e.g., phosphorylation, acetylation, glycosylation), oxidation, or degradation of proteins and on their subcellular localization, all of which are essential in determining protein function. Qualitative information can thus be added to quantitative information on protein abundance, such as the presence of active isoforms, altered proteins, or proteins tagged for degradation.
The proteome exhibits a high spatial plasticity within an organism (i.e., protein expression patterns are cell and tissue specific). It is therefore possible to address specific questions by targeting a particular tissue, cell type, or even subcellular compartment. In contrast to the genome, the proteome is dynamic and responsive to physiological and environmental stimuli and, thus, reflects the condition of an individual. The plasticity of the proteome forms the basis for all phenotypic plasticity and proteomics can provide us with the "protein phenotype" of an organism (Karr 2008) . Proteomics might thus help to provide the mechanistic underpinning for understanding variation in behavior, the plastic phenotype par excellence.
Although "omics" technologies have in many ways changed the way biological systems are being analyzed, expression proteomics is not a replacement for classical experimental approaches. Rather, it fills in a specific niche in biological sciences by answering a need for large-scale information on protein expression and function. From these data at proteome scale, relationships between protein expression patterns and specific phenotypes can be explored. Furthermore, these data represent raw material for generating new hypotheses, which can subsequently be tested through experimental manipulations ( Figure 1) .
All of the above considered, the proteome is arguably the ideal "search space" for molecules which can help us understand the mechanism behind and the evolution of behavior, and proteomic technologies maximize our chances of discovering these molecules. Proteomics provides an unbiased picture of the proteins potentially responsible for a behavior, without requiring any previous knowledge of the nature of these molecules. Proteomics can thus help to 1) understand proximate mechanisms underlying behavior and interpret behavioral observations, 2) formulate new hypotheses regarding behavior, and 3) design "clever" experiments to manipulate and further study behavior (Figure 1 ).
the PrinciPal Proteomic methodologies
The field of proteomics is driven mainly by technological developments in MS and bioinformatics. As these fields are advancing very rapidly, proteomic methodologies have also vastly improved in the last decades. Proteomic analysis involves diverse, largely automated, and high-throughput methodologies tailored to address a wide array of biological questions (Westermeier et al. 2008; Ahrens et al. 2010; Schulze and Usadel 2010; Lovric 2011; Zhang et al. 2013) . The common element of all proteomic approaches is protein identification and quantification by MS. MS can be applied either to proteins ("top-down approach") or to peptides ("bottom-up approach"). The latter is the most common approach in proteomics and requires proteins to be enzymatically digested with proteases (typically trypsin) in order to generate smaller peptides. The peptides are ionized in the mass spectrometer, and their mass-to-charge (m/z) ratio is measured. The plot of the relative abundance of the detected ions as a function of m/z represents a mass spectrum.
Protein and peptide separation
The fundamental principle at the core of proteomics could be reduced to divide et impera-divide and conquer. Because biological samples are typically complex mixtures of proteins and nonprotein
BEHAVIORAL ECOLOGY

PROTEOMICS
Figure 1
Applying proteomics to behavioral ecology. Proteomics is suitable both for exploratory surveys and hypothesis-driven research. Proteomic approaches facilitate access to the proximate mechanisms underlying behavior and can provide a strong basis for further research by suggesting experimental approaches or new hypotheses.
compounds, this complexity has to be reduced before the identification and quantification of proteins can be attempted. This involves the isolation of proteins from nonprotein contaminants in the sample and a fractionation step which brings the sample complexity to a level that matches the speed of the mass analyzer and can increase both proteome coverage (number of proteins detected) and protein coverage (number of peptides detected per protein). The complexity-reducing step can either precede the enzymatic digestion of proteins or follow it, in which case the peptide mixtures resulting from the digestion of the sample proteins are separated (Figure 2 ). Protein separation can be achieved using gel-based or gel-free methods ( Figure 2B ). Among the gel-based techniques, currently the most often used are denaturing polyacrylamide gel electrophoresis in presence of detergents (sodium dodecyl sulfatepolyacrylamide gel electrophoresis [SDS-PAGE] ) and two-dimensional electrophoresis (2DE). The latter involves the separation of proteins in 2 dimensions: first, according to their isoelectric point by means of isoelectric focusing, then according to their molecular weight by classical SDS-PAGE. The peptide mixtures resulting from the digestion of previously isolated proteins or of complex protein mixtures can be fractionated off-line or in-line with the mass spectrometer, for example by chromatography (Figure 2A ), or can be incorporated in a solid matrix before entering the MS analyzer.
Protein identification
The most common approach in proteomics is the bottom-up methodology (Zhang et al. 2013) (Figure 2 ), in which proteins are identified based on measurements on the peptides that result from the proteins' enzymatic digestion. MS analysis provides the masses of the intact peptides which are then used for protein identification through peptide mass fingerprinting (PMF, Figure 2C ). In tandem MS (MS-MS, Figure 2D ), the peptide ions are fragmented within the mass spectrometer to generate peptide fragment ions. The masses of the fragment ions provide more detailed information on the amino acid sequence of the peptides and allow a more confident identification of the proteins. The interpretation of mass spectra for the identification of proteins requires sequence information (DNA, RNA, or protein) and bioinformatics. To infer the identity of a protein, the measured masses of peptides (PMF) and peptide fragments (MS-MS) are matched to theoretical masses obtained by "in silico" digestion of sequences in public or private data bases. In the absence of relevant sequence information, high-quality MS-MS spectra can be interpreted to predict de novo peptide sequences which can subsequently be used in homology searches against sequences from phylogenetically related species, an approach known as homology-driven protein identification (Shevchenko et al. 2009 ) ( Figure 2E ). Proteomic technologies thus become accessible also for the study of many non-model species, for which DNA and RNA sequence information is scarce.
Several experimental approaches to protein identification can be undertaken (Domon and Aebersold 2010) . MS-MS analysis typically attempts to identify all peptides in the sample (shotgun proteomics). Alternatively, only a subset of peptides detected in the survey scan are selected (e.g., those that are differentially expressed between samples) and subsequently identified (directed proteomics). Examples of typical approaches for the separation and mass spectrometric identification of proteins. (A) In shotgun proteomics, proteins are isolated from biological samples and digested enzymatically. The complex peptide mixtures obtained are separated prior to mass spectrometric analysis, for example, by means of ion-exchange chromatography, reversed-phase chromatography, liquid chromatography (LC), or free-flow electrophoresis (FFE). (B) Alternatively, proteins are first separated and then digested individually. The resulting peptide mixtures are less complex. The separation methods can be gel-based (separation in native state, e.g., Blue native-PAGE, or denatured, e.g., SDS-PAGE, isoelectric focusing, 2DE) or gel-free (e.g., FFE, LC, capillary electrophoresis). (C) For identification through PMF, peptide masses (MS spectrum) are compared to theoretical peptide masses of all proteins in the database. (D) For MS-MS, the mass spectrometer isolates individual peptides and fragments them to generate MS-MS spectra. Bioinformatics tools are then used to compare the empirical spectra to theoretical spectra obtained from database information and, thus, infer protein identity. The identification of proteins through PMF and MS-MS is possible for organisms for which sequence information (DNA, RNA, or protein) is available. (E) De novo sequencing is used for the identification of proteins from species lacking extensive sequence information. MS-MS spectra are interpreted using bioinformatics tools to infer de novo the peptide sequences. Based on these sequences, homology searches of sequence databases from related species are then used to infer the identity of the proteins.
MS-MS analysis can also be used in hypothesis-driven experiments (targeted proteomics) when prior information is used to tune the MS analysis for the quantification of specific molecules in the sample (selected reaction monitoring [SRM] ), paralleling mRNA quantification using microarrays or protein quantification using western blot analysis.
Protein quantification
Although qualitative mapping of the proteome is a valuable discovery tool, the power of proteomics resides in quantifying the proteins and measuring changes in protein abundance relevant for the biological processes under investigation. Relative differences in protein abundance can be measured either at the protein or at the peptide level (Figure 3 ). In gel-based proteomics, quantification of whole proteins depends on their detection and visualization either with visible or fluorescent dyes, or following their radioactive or fluorescent labeling (Chevalier 2010) ( Figure 3A ). The latter also allows for multiplexing samples together with an internal standard on the same gels (difference gel electrophoresis [DIGE] ), which affords higher reproducibility and accuracy.
In gel-free proteomics, inference of the relative abundance of proteins from peptide abundances can be attained either with labeldependent or label-free methodologies (Schulze and Usadel 2010; Bantscheff et al. 2012; Zhang et al. 2013 ). For label-based quantification, different stable isotopes or isobaric tags are introduced in the proteins or peptides, which causes a known mass shift in the peptide mass spectrum or a reporter ion for one of the samples. The labels can be introduced metabolically ( Figure 3B) , chemically, or enzymatically ( Figure 3C) . The samples are then mixed and analyzed together and the relative abundance of proteins is inferred from the differences between the signal intensities of peptides carrying different labels.
Label-free quantification affords larger experimental flexibility and is no longer limited to specific peptides but can cover all peptides ( Figure 3D ). In this case, the samples are analyzed independently, then individual features are matched and compared across all samples. Peptide abundances are deduced either from their chromatographic or mass spectrum peak intensity (Vasilj et al. 2012) or from the total number of matching MS-MS spectra (Lundgren et al. 2010) . However, because samples are processed and measured independently, more time is required to run the MS analyses. Between-sample technical variation is larger in label-free approaches, therefore several technical replicates per sample are necessary. Also, not all proteins identified in the samples can be quantified, because a reliable quantification requires a larger number of matching peptides than a reliable identification.
For absolute quantification, synthetic stable isotope-labeled protein (Brun et al. 2007) or peptide standards (Gerber et al. 2003; Beynon et al. 2005) are mixed with the samples and measured along with sample peptides using SRM (see above). Although only the specific proteins targeted with the internal standard are quantified with high accuracy, a reasonably precise quantification is possible at proteome level using a low number of standard peptides ). Recent studies suggest that although less accurate, label-free methods are also suitable for the absolute quantification of proteins (Bantscheff et al. 2012) .
Data evaluation
The output of a proteomic study typically consists of a list of proteins which are expressed, differentially expressed, or modified in a particular biological context. Such lists can range anywhere 
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Figure 3 Examples of typical approaches for the detection of differential expression of proteins. (A) Proteins separated using gel-based methods (e.g., 2DE) are detected after staining and quantified through densitometry. Alternatively, proteins are labeled and multiplexed prior to 2DE (similarly to C), for example, with fluorescent dyes for DIGE. (B) Proteins can be metabolically labeled by incorporating stable isotopes from labeled precursors (e.g., 15 N, stable isotope labeling with amino acids) in vivo, during protein synthesis. (C) Chemical labeling of proteins can be performed after isolation from the biological samples (e.g., isotope-coded affinity tags). Alternatively, peptides can be chemically labeled after the enzymatic digestion of proteins (e.g., isobaric tags for relative and absolute quantitation, tandem mass tags, dimethyl multiplexed labeling). Peptides can be similarly labeled enzymatically with 16/18 O. (D) For label-free quantification, samples are processed in parallel; then spectra are matched between individuals and signal intensities compared across samples to infer relative protein abundances. Different colors denote different labels.
between a few to thousands of proteins and the task of interpreting the results can become quite challenging. Bioinformatic tools can assist the exploration, visualization, and interpretation of proteomic data and support the inference of statistically valid hypotheses from lists of expressed and regulated proteins. Such tools are available for example for enrichment analysis, building of protein-protein interaction networks, and pathway analysis (Malik et al. 2010) . In other cases, single proteins can be identified as markers, for example indicating a particular physiological condition of an individual (Plumel et al. 2013) . Bioinformatic tools are also available to assist marker discovery. Most of the bioinformatics tools available for the analysis of transcriptomic data sets will also handle proteomic data.
Limitations
As with any analytical method, proteomic approaches have their limitations. The primary limitation in applying proteomics to behavioral ecology regards accessing the relevant tissues. In most cases, proteomics requires destructive sampling, which can be incompatible with behavioral ecology studies. Body fluids and secretions are far easier to sample nondestructively, and in some cases, biopsies can also alleviate this problem. Limitations imposed by the availability of samples likely explain why the majority of behavioral studies employing proteomics focus on invertebrates or on vertebrate body fluids and secretions.
Another relevant issue is that many studies of behavioral ecology focus on non-model species for which the genomic information available is limited. In such species, protein identification must rely either on transcript sequences or on de novo protein sequencing. Because RNA profiles are largely tissue specific, the first approach requires transcript sequences originating from the same type of tissue as the one being analyzed to allow the identification of tissuespecific proteins. The success of the second approach, on the other hand, requires high-quality MS-MS spectra and sequence information from related species.
There are also technical limitations specific to each technique. For example, gel-based separation of proteins is frequently incomplete, such that a spot or band on the gel rarely contains a single protein. Label-based quantification may require relatively large amount of sample, involve complex labeling procedures, and, sometimes, suffer from incomplete protein or peptide labeling (Patel et al. 2009 ). Quantification methods have specific thresholds below which a reliable quantification is not possible. Moreover, most quantification methods only allow for a relative quantification of protein abundance and often compensate small differences in sample loading under the assumption of equal protein content among samples. Although the bioinformatic tools used to analyze different types of proteomic data can account for and resolve many of these issues, the specific limitations of different techniques should be considered when selecting the appropriate experimental approach.
Last but not least, proteomics is labor-intensive and requires costly equipment and software. For many research groups, collaboration with a proteomics facility will offer easier access to both equipment and expertise.
What Proteomics Proffers
Proteomic findings relevant to behavioral ecology originate from studies in this field as well as from other connected biological and ecological research. Below we review proteomic-based studies related to a variety of topics that may be of interest to behavioral ecologists, because they often help to elucidate the mechanism(s) behind a behavior. For an overview of the proteomics methodologies employed in these studies see Supplementary Table 1 .
Reproductive behavior
Among the protein categories relevant to behavioral ecology, those with functions related to reproduction are probably most targeted by proteomic research. Protein expression patterns have been explored for the reproductive organs and associated secretions (e.g., sperm, seminal fluid, and oocytes) as well as in other tissues of several species. A few studies have linked variation in the expression of such proteins to particular aspects of reproductive behavior.
Regulation of the reproductive cycle
In many species, the reproductive cycle is regulated in response to environmental and social factors. For example, upon the approach of the cold season, pea aphids (Acyrthosiphon pisum) switch their reproductive mode from viviparous parthenogenesis to oviparous sexual reproduction. The trigger for this switch is the photoperiod length, and an analysis of the pea aphid head proteome has revealed the involvement of the neuroendocrine system in its regulation (Le Trionnaire et al. 2009 ). Another example is a study on the reversible inhibition of ovary activation in honeybees (Apis mellifera). As in other eusocial insects, the ovary function of honeybee workers is inhibited as long as the colony has a queen, but this inhibition is lifted following the definitive absence of the queen. A comparative study on the brain and ovary proteomes of reproductively active and sterile workers suggested that this inhibition of ovary activation involves a strictly regulated balance between primordial oogenesis and subsequent degradation (Cardoen et al. 2012 ).
Monitoring of reproductive effort
Proteomics can not only be used as a tool to monitor the reproductive cycle of a species but also to assess reproductive effort. A relevant example is that of the leatherback sea turtle (Dermochelys coriacea). In this species, mating occurs only once at the beginning of the nesting season and the sperm is stored and used for the fertilization of several clutches. A recent proteomic study has shown that circulating plasma levels of 2 vitellogenin isoforms (Dc-VTG1 and Dc-VTG2) decrease in leatherback sea turtle females throughout the nesting season and are indicative of the reproductive status of the individuals as well as of their reproductive effort (Plumel et al. 2013) . A MS-based assay (SRM) has been developed for the absolute quantification of the 2 proteins, allowing their use as speciesspecific markers of reproductive effort (Plumel et al. 2013) .
Postcopulatory processes and sexual conflict
During mating, males of many species transfer complex mixtures of seminal fluid proteins (SFPs) which enhance sperm viability and performance or modulate female postmating responses related, for example, to ovulation, sperm storage and utilization, receptivity to remating, and feeding behavior (Wolfner 2007) . Proteomic studies have helped identifying new SFPs and have brought evidence for their contribution to male or female reproductive success. For example, SFPs transferred at mating by Tribolium castaneum (South et al. 2011; Xu et al. 2013 ) play a role in maintaining sperm quality (Xu et al. 2013) . Male proteins which modulate female reproductive function have been identified in several species. One example is the ovulation-inducing beta nerve growth factor which could be identified in the seminal plasma proteome of several mammalian species (Druart et al. 2013) . Another is a male accessory gland protein of the cricket Allonemobius socius (the serine protease EJAC-SP) which induces egg-laying in females and mediates male reproductive senescence (Marshall et al. 2009 ).
Analysis of female proteomes has on the other hand exposed some of the molecular mechanisms through which females recognize and process the signals conveyed by SFPs. For example, the abundance of a chemosensory protein AsocCSP1 in the reproductive tract of mated cricket females has been correlated with the number of laid eggs (Marshall and DiRienzo 2012) . Subsequent experiments have confirmed that AsocCSP1 is required for the transmission of the egg-laying induction signal from the reproductive tract to other parts of the female body (Marshall and DiRienzo 2012) .
By profiling protein expression in both males and females, proteomics can help reveal the molecular mechanisms mediating postcopulatory processes indicative of either conflict or cooperation. For example, proteolysis is a mediator of sexual conflict through the regulation of postcopulatory processes such as mating plug formation, sperm storage and activation, ovulation, and antimicrobial defense (summarized in South et al. 2011) . Proteomics has contributed to identifying the players of proteolysis both on the male and the female side of the conflict. Thus, while females of the house mouse (Mus domesticus) produce postmating endopeptidases in order to displace the mating plug, the males' seminal fluid is enriched in endopeptidase inhibitors (Dean et al. 2011) . Proteolysis regulators have also been identified in the seminal fluid proteome of other species producing a mating plug, such as mosquitoes ) and fruit flies (Findlay et al. 2008) , suggesting that this mechanism might mediate sexual conflict in many species.
Proteomic approaches have also shown how male and female proteomes "cooperate" and influence postmating prezygotic events. For example, a study on honeybees showed that the queen's spermatheca and the drone's seminal fluid supply complementary sets of proteins which integrate into a metabolic network that sustains the long-term storage of sperm (Baer, Eubel, et al. 2009 ). Some of the proteins derived from the spermatheca may protect sperm from oxidative damage. Similarly, a study of the malaria mosquito (Anopheles gambiae) mating plug has revealed that both males and females contribute proteins to plug formation and sperm storage (Rogers et al. 2009 ). Interestingly, among the transferred proteins, AGAP009370 is a homolog of the Drosophila Acp53Ea protein (Dottorini et al. 2007 ), known to mediate the ability of a male's sperm (stored in the female's reproductive tract) to resist displacement by subsequent sperm (Clark et al. 1995) . The above examples show how male and female proteomes interact to regulate postcopulatory processes and suggest that they are important drivers of the coevolution of male and female gene expression.
Proteomic approaches can also be useful in comparative analyses. For example, a study on the seminal fluid proteome of 18 rodent species showed that higher molecular weight isoforms of the major SFP seminal-vesicle secretory protein II (SVS II) have evolved in species with high levels of sperm competition (Ramm et al. 2009 ). SVS II is responsible for the formation of the copulatory plug through crosslinking by a prostate-derived transglutaminase. Larger isoforms of SVS II contain more cross-linking sites and thus favor the formation of more stable copulatory plugs, which constitutes an advantage at high levels of sperm competition. These examples support the idea that mating behavior is a driver for the evolution of seminal fluid composition. Molecular mechanisms such as the ones described here represent "invisible" forms of mate guarding and might allow for alternative strategies of maximizing reproductive success, for example abandoning mate guarding in favor of multiple mating attempts.
Phenotypic plasticity
Proteomic techniques have brought insight into the molecular mechanisms underlying phenotypic plasticity, particularly in social insects.
Castes specialization
The division of labor in social insects creates distinct specialized behavioral groups (castes) accompanied by a physiological specialization of the individuals, imposed by the different energetic and metabolic requirements of the castes. The nature of this physiological specialization can be understood through comparing the proteomic profiles of individuals belonging to different castes. In honeybees, for example, the protein composition of drone, worker, and queen hemolymph matches their energetic, metabolic, and social specialization (Chan et al. 2006 ). Examples of caste-specific hemolymph proteins include one known to be involved in oocyte maturation and present only in queens, and a homolog of a SFP expressed only in drones (Chan et al. 2006) . In honeybees, analysis of the antennal proteome has further demonstrated that social specialization into castes is functionally supported by olfactory specialization (Fang et al. 2012) .
Subcaste specialization
Proteomic profiling can also detect more subtle differences, such as those between subcastes. For example, the workers of some social insects undergo an age-dependent transition from in-nest tasks to foraging, which requires physiological and metabolic remodeling. Profiling of the fat body proteome of honeybees suggested that this transition is accompanied by adjustments in lipid and carbohydrate metabolism, protein turnover, antioxidative stress response, and hormone metabolism (Chan et al. 2011) .
Several other proteomic studies support the observation that distinct social roles of the workers are mirrored by their proteomic profiles. The whole body proteome of honeybee nest workers and foragers provides evidence for the metabolic specialization of the 2 subcastes (Wolschin and Amdam 2007a) . Foragers, who perform long-distance flights for food provisioning, express higher levels of proteins involved in metabolic processes supporting intense muscle activity such as glycolysis, sugar processing, and ATP and NADH production. Meanwhile, nest workers who synthesize and feed royal jelly to the brood and to adult bees have higher levels of royal jelly proteins. An analysis of the honeybee brain proteome also showed that nest workers overexpress proteins putatively involved in olfaction and protein synthesis, while proteins related to energy production, metabolic signaling, neurotransmitter metabolism, and possibly flight control are more abundant in foragers (Garcia et al. 2009 ).
Similarly to honeybees, the size-dependent specialization of bumble bee (Bombus sp.) workers into nest workers (smaller individuals) and foragers (larger individuals) is associated with differential expression of brain proteins involved in energy production and neuronal function and of abdominal tissue proteins supporting muscle function, metabolism, and reproduction (Wolschin et al. 2012) .
Reversal of social roles
Since the transition from nest worker to forager is age dependent, it is difficult to distinguish protein expression patterns related to the social role from those related to aging. However in honeybees, behavioral plasticity allows the foragers to revert to nest tasks following the removal of a colony's nest workers. Wolschin and Amdam (2007b) have investigated changes in the honeybee proteome following such a reversal and thus differentiated behavioral and age-related protein expression patterns. Specific protein functions related to lipid and carbohydrate metabolism could thus be clearly associated to nest workers. Interestingly, the same study also found that the metabolic signature of foraging behavior becomes fixed in time, suggesting that individual plasticity decreases with age. Changes in honeybee foraging performance with aging have also been associated with modified protein expression in the muscle and brain (Schippers et al. 2006; Wolschin et al. 2009 ), suggesting a use for proteomics in the study of the mechanisms behind senescence.
Ontogeny of caste specialization
Proteomics has also been used to trace down, ontogenetically and phylogenetically, the specialization of insect castes. Proteomic profiling of larvae destined to grow into queens or workers suggested that caste divergence appears very early and involves carbohydrate metabolism, energy production, and antioxidative protection (Li et al. 2010) . A similar investigation of a primitive eusocial paper wasp (Polistes metricus) showed that foundress-reared and workerreared larvae differentially express proteins related to diapause regulation, lipid metabolism, and neural development (Hunt et al. 2010) . Protein expression patterns were found to depend on larval nutrition and resembled those of highly eusocial insects.
These examples show how proteomics can help to elucidate the mechanistic underpinning of phenotypic plasticity. Proteomics might also help us to learn more about the ontogeny and evolution of different reproductive tactics (e.g., dominant males vs. female mimics), of sex-role reversal, or of different life-history trajectories within a population.
Parasitic manipulation of host behavior
Infecting pathogens can alter the behavior of their host in order to increase the rate of their transmission to further hosts. Whether the pathogen infects the central nervous system (CNS) or other tissues of its host, the behavioral changes it induces in the host will ensue from alterations of the host's neural function. Therefore, studies attempting to decipher the molecular mechanisms underlying host behavioral changes have mostly targeted the CNS. Proteomic approaches have played a key role in discovering these mechanisms and have thereby led to a better understanding of host-parasite interactions and coevolution.
A well-known example of host behavioral manipulation is that induced by the rabies virus in its animal hosts. Individuals infected with RNA viruses of the genus Lyssavirus exhibit typical symptoms, including increased aggression and hypersalivation. These can increase contact and viral transmission to susceptible hosts. Proteomic analysis of the hippocampus, brainstem, and spinal cord of rabies-infected dogs has revealed alterations in the expression of antioxidants, apoptosis-related proteins, cytoskeletal proteins, heat shock proteins, immune regulatory proteins, and neurospecific proteins which are likely responsible for the typical behavioral symptoms (Thanomsridetchai et al. 2011) . Moreover, infected individuals that displayed distinct behaviors (paralytic vs. highly aggressive) also differed in protein expression (Thanomsridetchai et al. 2011) .
Another well-studied example of alterations of host behavior that increase the parasites' chances to complete their life cycle is that of the parasitic horsehair worms (Nematomorpha). This parasite induces a suicidal water seeking behavior in their orthopteran hosts (e.g., the grasshopper Meconema thalassinum and the cricket Nemobius sylvestris), which facilitates the parasite's release into the aquatic environment. Analysis of the head proteome of the hosts during the stage of behavioral manipulation has shown that in order to achieve this, the hairworms modify the expression of proteins functionally involved in geotactic and visual behavior, neurogenesis, energy metabolism, and neurotransmitter activity (Biron et al. 2005 . Adult hairworms further induce their hosts to overexpress 2 proteins from the Wnt family involved in CNS development. Investigating in parallel the whole body proteome of the hairworm, Biron et al. (2005) could also show that the parasite itself produces Wnt mimetic proteins which can directly act on the host's CNS, an intriguing case of molecular mimicry.
A similar proteomic approach led to the discovery that protozoan parasites modulate energy metabolism, signal transduction, and neurotransmitter synthesis of their arthropod vectors (e.g., mosquito, tsetse fly) in order to increase the vectors' feeding rate during the transmissible stage and thus favor the parasite's transmission to the vertebrate host (Lefevre, Thomas, Ravel, et al. 2007; Lefevre, Thomas, Schwartz, et al. 2007 ). Patterns of protein regulation in the brains of infected gammarids suggested that distantly related parasites such as trematodes and acanthocephalans use similar molecular mechanisms to induce an aberrant evasive behavior in their hosts and make them more vulnerable to predatory definitive hosts . Additionally, proteomic analysis showed that the parasites specifically regulate proteins involved in serotonin synthesis and in the vision process to induce positive phototaxis of their hosts .
Chemical communication
Communication is a prerequisite of social behavior. It is a key topic in behavioral ecology studies, because of its importance in a variety of contexts, such as territoriality, mate choice, parental behavior, group behavior, etc. In many taxa, individuals use chemical signals (pheromones) to trigger specific physiological or behavioral responses in conspecifics. Furthermore, mixtures of chemicals may provide signatures allowing individual recognition or may signal individual-specific information such as sex, reproductive status, or quality. Proteins are involved in chemical communication in several ways: as the pheromones themselves, as carriers of pheromones and as signal receptors. Therefore, proteomics is arguably the best tool to study the mechanisms behind this type of communication.
Scent marks
As a first example, we discuss the evolution of the major urinary proteins (MUPs), which are among the best characterized class of proteins involved in chemical communication in mice. Some mice, such as the house mouse (Mus musculus domesticus), live in complex social groups with frequent contact and interactions between individuals. In house mice, MUPs are a highly polymorphic protein family with multiple functions related to interindividual recognition and communication; they bind and delay the release of volatile pheromones and their expression profiles are recognized as individual identity signatures (Hurst et al. 2001) . In contrast, individuals of free living aboriginal mouse species such as Mus macedonicus occupy and aggressively defend large, mostly nonoverlapping territories, an ecology that requires less advertising of territorial dominance through scent marks (Frynta et al. 2005; Robertson et al. 2007) . A comparison of the urine proteome of these 2 species showed that aboriginal mice express very simple and invariable MUP patterns (Robertson et al. 2007 ). This suggests that the specific behavioral ecology of the house mouse has driven the evolution of highly polymorphic and individual-specific MUP profiles as signals of social status.
Although MUPs are expressed both by male and female mice, a protein with gender-specific expression and function could be identified using a proteomic approach. Darcin is a nonpolymorphic, nonvolatile male-specific protein pheromone responsible for binding and slowly releasing the male pheromone 2-sec-butyl-4,5-dihydrothiazole from the scent marks (Armstrong et al. 2005) . Upon direct contact, it elicits in females an urge to spend time near male urine scent and stimulates associative learning of male-specific airborne volatiles, thus mediating attraction to a specific individual male (Roberts et al. 2010) .
Courtship behavior
Proteomic approaches have also contributed to the description of protein families involved in chemical communication related to courtship behavior in salamanders. For example, the plethodontid modulating factors are a hypervariable family of courtship pheromones, expressed in the mental gland, which increase female receptivity. Twenty-eight isoforms of this protein family have been identified in a proteomic screening of the red-legged salamander (Plethodon shermani) mental gland (Wilburn et al. 2012) . The specific functions of these proteins need further investigation.
Pheromone production
Many species employ volatile pheromones for mate recognition. In such species, proteomics is an effective tool to uncover the biosynthesis pathways involved in the production of these volatile compounds. A recent example is the identification of 6 of the 7 enzymes of the mevalonate pathway in the pheromone gland of the sand fly (Lutzomyia longipalpis), which are believed to be involved in the production of the male-specific terpenoid pheromones (González-Caballero et al. 2014) . Such information might for example lead to a better understanding of the costs of pheromone production.
Transporters and receptors of chemical signals
It takes 2 (or more) to communicate, and proteomics has also been successfully employed to decipher molecular mechanisms at the receptor end of the process. For example, in Bombyx mori, proteomic analysis allowed the identification of 3 odorant-binding proteins (OBP) and 2 chemosensory proteins (CSP) with sex-specific expression in the antennae, and several binding proteins likely involved in pheromone solubilization (including 3 specific proteins) in the female pheromone glands (Dani et al. 2011) . Elucidating these mechanisms might not only help to understand the communication process better but may also allow designing experiments to manipulate it.
Parental investment
Prenatal parental investment
Proteomic studies can also be highly relevant to understand and measure variation in parental investment. Here, the well-studied egg proteome provides informative examples. The nutritive and protective functions of egg proteins for the embryo are well documented for many species. Proteins with antimicrobial, antioxidative, and other defense-related functions have been identified in all avian egg compartments: egg shell cuticle (Rose-Martel et al. 2012) , calcified layer (Mann et al. 2006; Mann and Mann 2013) and membrane (Kaweewong et al. 2013 Other examples come from studies on the proteome of the egg perivitelline fluid of gastropods and provide evidence of parental investment in offspring immune protection. Most gastropods are oviparous, depositing their fertilized eggs in the environment which exposes them to potentially stressful conditions such as desiccation or thermal stress and also to pathogens and predators. The egg perivitelline fluid of the freshwater pulmonate snail Biomphalaria glabrata contains defense-related proteins, such as antimicrobial and antioxidant proteins, and inhibitors of pathogen-derived proteases (Hathaway et al. 2010) . A similar array of proteins related to antimicrobial defense, innate immunity, and antioxidant protection has been described in the egg perivitelline fluid of another freshwater snail, Pomacea canaliculata (Sun, Zhang, et al. 2012) .
Investment in mechanisms to protect eggs is widespread and can take a variety of forms. For example, many amphibian species produce foams to protect their eggs and juveniles from environmental risks. A typical example is the foam nest of the túngara frog (Engystomops pustulosus) which can protect the developing eggs and tadpoles both from microbial and insect attack. Proteomic analysis showed that the foam indeed contains a mixture of proteins involved in the defense against pathogens, parasites, and predators (Fleming et al. 2009 ).
In other species, proteome analysis has shown the limits of egg protection through maternal investment. For example, after ovulation, salmonid oocytes are held in the body cavity, immersed in coelomic fluid which protects them from pathogenic infections and maintains their developmental competence (Coffman and Goetz 1998) . Prolonged storage significantly decreases embryonic survival, and proteomic analysis of the rainbow trout (Oncorhynchus mykiss) coelomic fluid indicated that this postovulatory ageing is accompanied by leakage from the oocytes and accumulation of egg-specific proteins in the coelomic fluid proteome (Rime et al. 2004) .
Postnatal parental investment
Many species produce specialized tissue secretions that provide nutrition and protection to their newborns. Proteomic analysis of these secretions has provided interesting insights into postnatal parental investment. For example, mammalian milk is known to contain more than 15 defense-related proteins (Smolenski et al. 2007; D'Amato et al. 2009; Roncada et al. 2012) . Similarly, in marsupials, the secretions of the maternal pouch epithelium protect the newborn from infections during early development. For example, pouch skin secretions of female tammar wallaby (Macropus eugenii) display antimicrobial activity, and proteomic analysis has shown that these secretions contain an antimicrobial protein (dermcidin) prior to and at the time of birth (Ambatipudi et al. 2008) .
Parental adaptations for providing care
Proteome analysis has further helped to reveal specific physiological adaptations that are required for parental care behavior. For example, the discus fish (Symphysodon aequifasciata) feeds its brood with mucus secretions produced by its own epithelium. Indeed, parental discus fish overexpress proteins related to energy production, cell repair and proliferation, and stress mediation as compared to nonparental fish (Chong et al. 2006) .
Another example concerns tilapia fish (Oreochromis spp.), which mouthbrood fertilized eggs and larvae until the complete absorption of the yolk sac. A proteomic comparison of the oral cavity mucus of tilapia during the parental and nonparental phase showed an overexpression of proteins during the care phase involved in oxidative stress response and glycolysis, probably to support higher cell proliferation and mucus production (Iq and Shu-Chien 2011) . Such studies can provide important insights, for example that mouthbrooding may involve costs over and above those related to reduced feeding opportunities.
Defensive and predatory behavior
In many species, predatory and antipredator behaviors involve the use of poisonous venoms. Proteomic techniques have been employed to study the highly complex peptide and protein fractions of animal venoms and helped our understanding of how venoms are adapted to their use in capturing prey and in defense against predators (Escoubas et al. 2008) .
Venom complexity At the between-species level, analysis of the "venome" (the proteome expressed in the venom) can help reveal the venom's biological function. This is illustrated nicely by a comparison of the composition of the venom of ectoparasitoid wasps (Nasonia vitripennis) with that of the honeybee. In the former, the venom is used to alter the physiology of the wasps' arthropod hosts to make them suitable food sources for their offspring, whereas in the latter it is used only defensively. Indeed, wasp venom turns out to be more complex (de Graaf et al. 2010 ) than honeybee venom (Resende et al. 2013) and to contain specific proteins involved in the nutrition of the developing wasp larvae (de Graaf et al. 2010) .
In vipers, hunting needs imposed by the habitat have also influenced venome complexity. For example, the venome of Macrovipera lebetina, a species hunting in shrubland which needs to quickly immobilize and kill its prey, contains representatives of more protein families than the venome of Cerastes cerastes or Cerastes vipera, a species hunting on sandy deserts, which can easier follow and catch their envenomed prey (Bazaa et al. 2005) .
Variation in venom composition
At the within-species level, proteomic techniques have also revealed remarkable and possibly adaptive variation in venom composition. For example, in a species of the genus Conus, gastropod mollusks that use venoms for defense and predation, venom composition and potency varies geographically (Abdel-Rahman et al. 2011) . Studies of other species of the same genus suggest that individuals might be able to adjust venom composition to their hunting or defense needs. For example, different parts of the venom duct of Conus textile and Conus geographus are specialized for the synthesis of particular peptides and produce venoms with different toxicities (Tayo et al. 2010; Safavi-Hemami et al. 2014) . It was shown both in Conus consors and in Tityus serrulatus scorpions that an individual's venome can vary strongly over time (Pimenta et al. 2003; Dutertre et al. 2010 ). In addition, the presence of particular peptides in the injected venom of different individuals of C. consors correlated with the symptoms of their fish prey (Dutertre et al. 2010) . Further proteomic work has revealed the intricate mechanisms by which venom composition and hence properties can be adaptively modified depending on the particular predatory or defense situation (Tayo et al. 2010; Leonardi et al. 2012) .
Diet dependence of venom composition
Along a similar vein, 2 general approaches provided evidence for adaptive, diet-linked variation in the protein and peptide composition of venoms in some snake species. A first set of studies compared closely related species with different diets (Sanz et al. 2006; Gibbs et al. 2013) . Although the biological activity is not known for all proteins in the venom, correlations have been established between the relative abundance of some of these proteins and diet. For example, venoms of rattlesnakes (Sistrurus sp.) preying preferentially on mammals are relatively rich in myotoxin-a homologues and phospholipase A2 (PLA 2 ) (Sanz et al. 2006) , while those of species consuming preferentially lizards overexpress cysteinerich secretory proteins (Gibbs et al. 2013) . In pit vipers (Agkistrodon sp., Bothrops sp.), between-species differences in the hemorrhagic and myotoxic activities of venoms on mice have been correlated with the relative abundances of snake venom metalloproteinases (SVMP) and PLA 2 homologues, respectively (Lomonte, Tsai, et al. 2014; Mora-Obando et al. 2014) .
Several snake species are known to undergo an ontogenetic dietary shift from ectotherms in newborns to endotherms in adults. Thus, a second set of studies have shown how this diet shift is accompanied by changes in venom composition and pharmacological activity. For example, in brown tree snakes (Boiga irregularis), neonate venom is rich in low-molecular-weight proteins (putative neurotoxins) which are held responsible for its higher toxicity . In contrast, the venom of adult individuals preying on larger animals exhibits increased SVMP and acetylcholinesterase activities which mediate its hemorrhagic and muscle blocking effects . Dietary correlated ontogenetic changes in SVMP and PLA 2 expression have also been described in other snakes, Bothrops jararaca (Zelanis et al. 2010) and Bothrops asper (Alape-Girón et al. 2008) . Proteomic analyses have several advantages for such studies: they allow both measurement of known active proteins and detection of novel functional molecules, and they may give insight into the mechanisms behind adaptive venom modification (Zelanis et al. 2010) .
Venom costs and allocation
Proteomic analysis can also shed light on the costs of antipredator defense. For example, analysis of the scorpion (Parabuthus transvaalicus) venome suggested that venom regeneration has relatively high metabolic costs and occurs asynchronously for different components, with prevenom peptides more quickly synthesized than others (Nisani et al. 2012 ). Moreover, scorpions are able to regulate the quantity and indirectly the composition of venom depending on the level of perceived threat (Nisani and Hayes 2011) .
Practical Proteomics
Classical experimental approaches typically investigate a limited number of carefully chosen molecular targets (e.g., genes, proteins, metabolites) to test a specific biological hypothesis. "Omics" technologies are by definition high-throughput and extend the target list to generate large sets of data, which can not only provide support for the tested hypothesis, but also hint toward the underlying molecular mechanisms. Proteomics in particular is highly versatile to different experimental approaches and promotes both hypothesis-driven studies where specific biological questions are being addressed, as well as exploratory, hypothesis-generating surveys in which protein expression patterns can be associated with particular phenotypes without previous assumptions on the nature of underlying mechanisms (Biron et al. 2005; van Helden 2013) . Proteomics is thus a very powerful discovery tool for the identification of candidate genes responsible for behavioral patterns (Diz et al. 2012 ). However, the use of a proteomic approach also needs careful planning and attention to detail. Here, we briefly discuss some important practical considerations.
Method selection
Selecting the appropriate methodology is the first step in designing a proteomic project. The experimental approach best suited for protein identification and quantification should be chosen taking into account 1) the biological question under investigation, 2) the type and amount of sample available, and 3) the type of information relevant for the project. For example, when a comprehensive list of the proteins contained in a sample is required, shotgun proteomics using the latest generation of mass spectrometers with increased sensitivity and scan speed (Mann and Mann 2011) or combinatorial peptide ligand libraries (D'Ambrosio et al. 2008; D'Amato et al. 2009 ) might be the methods of choice. However, when the desired output is a subset of proteins differentially expressed under different experimental conditions or correlated with specific behaviors, a gel-based or gel-free differential display proteomic approach (comparing the abundances of all proteins among different samples) should be undertaken.
The study species will largely influence the approach undertaken for protein identification. The identification of proteins from organisms with unsequenced genomes is more challenging as compared to organisms for which full sequence information is available. When available, transcriptomic sequence databases (e.g., expressed sequence tags [EST] , cDNA libraries) can compensate for the lack of genomic information (Marshall et al. 2009; Hathaway et al. 2010; Hunt et al. 2010; Marshall and DiRienzo 2012; Sun, Zhang, et al. 2012; Wilburn et al. 2012; González-Caballero et al. 2014) . Recently developed high-throughput sequencing techniques are increasingly covering the gaps in sequence information both at genomic and transcriptomic level (Wang et al. 2009; Ekblom and Galindo 2011) . However, generating a comprehensive genomic or transcriptomic sequence database requires time and resources. Thus, for many species, alternative approaches are still necessary. Fortunately, MS and bioinformatics are also rapidly advancing and several groups have established and applied efficient workflows which enable the identification of proteins from non-model species (Russeth et al. 2006; Junqueira et al. 2008; González-Caballero et al. 2014) . The success of the homology-driven proteomic approach will depend on the phylogenetic distance between the study species and the reference species, the sequence coverage of the reference species and the quality of the MS spectra (Shevchenko et al. 2009 ).
Another important choice concerns the appropriate method for protein quantification. Behavioral experiments in the lab can benefit from increased accuracy and experimental power using metabolic labeling when this is technically and experimentally feasible (Findlay et al. 2008; Dean et al. 2011 ). This approach is particularly suitable for tracking the origin of the proteins in behavioral processes involving more than one individual, such as the transfer of seminal fluid during mating or of venom during defense or predation. For example, a proteomic analysis of the reproductive tract of isotopically labeled ( 15 N) females mated with unlabeled males allows the simultaneous identification of male proteins transferred during copulation and of female-derived proteins produced following mating (Dean et al. 2011) . Multiplex analysis of chemically labeled samples is also an efficient approach to quantify proteins from multiple sample types (Chan et al. 2011) . One of the labels in the multiplex is reserved for an internal standard obtained by pooling equal amounts of protein from all samples. The abundance of proteins in each sample is then normalized to this internal standard, allowing the comparison of large numbers of samples across multiple runs. Another option for quantifying protein abundances is label-free quantification (Chan et al. 2006; Wolschin et al. 2012) . Label-based quantification is generally more accurate, but label-free quantification affords a wider dynamic range (i.e., both high-and low-abundant proteins can be identified) and a better proteome coverage (i.e., a high number of identified proteins) (Bantscheff et al. 2012) . When absolute quantification of particular proteins is required (e.g., for application as protein biomarkers), SRM assays can be developed even for species with unsequenced genomes (Plumel et al. 2013) .
For assessing PTM of proteins, the technologies available include 2DE-based separation of proteins (Earl et al. 2006) , shotgun proteomics with modern mass analyzers followed by bioinformatics analysis (Tayo et al. 2010) , and targeted gel-based or gel-free approaches. Interesting examples include studies on snake (Earl et al. 2006; Zelanis et al. 2010) , snail (Tayo et al. 2010) , and honeybee (Resende et al. 2013) venomes, showing how PTMs of venom proteins can modulate their stability and functional properties, and thus venom activity.
Wherever possible, orthogonal approaches, ranging from behavioral and life-history to physiological and metabolomic data, should complement proteomic data (Lomonte, Pla, et al. 2014; Lomonte, Tsai, et al. 2014; Mora-Obando et al. 2014 ).
Sampling issues
The high plasticity and responsiveness of the proteome to physiological as well as environmental factors make proteomics very sensitive to sample selection, collection, preparation and storage, as well as to the details of the experimental design (Hu et al. 2005) . Recognizing potential contaminants often requires multiple controls from the same (Baer, Heazlewood, et al. 2009 ) or different individuals (Baer, Eubel, et al. 2009; Dean et al. 2011 ). This is particularly important when the study investigates interactions between individuals from the same (Baer, Eubel, et al. 2009; Dean et al. 2011) or different species (Biron et al. 2005; Lefevre, Thomas, Ravel, et al. 2007) . A careful selection of controls will also allow targeting relevant subsets of proteins rather than measuring extensive sets of proteins difficult to analyze and interpret.
To increase the relevance of the results and avoid dilution and/ or masking of the functionally important proteins, samples should be restricted as much as possible to the tissue, cell type, or even organelle relevant for the biological question being addressed. For example, although whole body analysis was able to provide evidence for the metabolic specialization of honeybee workers (Wolschin and Amdam 2007a) , a careful isolation of brain and abdomen tissues was necessary to identify proteins involved in the size-dependent specialization of bumblebee workers (Wolschin et al. 2009 ). Further identification of compartment-specific changes in the honeybee brain proteome during ageing required a comparison of the proteome of the calyx (involved in learning) with that of the whole central brain (Wolschin et al. 2009 ).
Whenever appropriate, repeated sampling of the same individuals should be considered. This may not only increase the statistical power of the proteomic analysis but also allows detecting relevant changes of protein expression patterns over time (Rime et al. 2004; Dutertre et al. 2010; Nisani et al. 2012) . Pilot studies are usually required for the estimation of optimal sample sizes (Hunt et al. 2005) , because protein abundance variation can be tissue dependent (Valcu et al. 2012 ).
Individual samples are generally preferable, in particular when information recorded at the individual level is experimentally relevant. However, when samples are only available in limited amounts, or show high levels of confounding biological variation and the analysis of large sample sizes is impractical, sample pooling can sometimes be used to increase statistical power (Karp and Lilley 2009 ). Partial pooling strategies (i.e., individual samples are randomly assigned to multiple subpools) are preferable in these cases, as for example employed in the study of honeybee spermathecal fluid (Baer, Eubel, et al. 2009 ) and brain proteome (Garcia et al. 2009 ). It is also important that the collected samples are representative of the existing variation in a population, and this might also require careful consideration of the sampling method (Richter et al. 2010) .
Interpreting the results
It should be obvious that a list of proteins differentially expressed or modified in a biological sample under particular experimental conditions does not represent conclusive evidence for a causal link between the regulated proteins and the observed phenotype, nor does it prove the functional role of the proteins. Rather, the output of the proteomic experiments needs to be analyzed in the given biological context in order to extract biologically meaningful information and infer statistically valid hypotheses which can subsequently be tested through experimental manipulations (Roberts et al. 2010) . A protein list can be analyzed to identify proteins associated with a phenotype or regulated in response to an experimental manipulation, to understand the role of the identified proteins or to identify functional pathways activated or inactivated in response to a stimulus and possibly responsible for the biological response to that stimulus. Pathway analysis can help identify protein networks and enriched pathways which will increase the confidence in a causal relationship with the observed phenotype as compared to inferences and correlations based on single proteins (D'Alessandro et al. 2010; González-Caballero et al. 2014) .
Many of the proteins identified in a proteomic survey would have been previously characterized in other species or tissues and it is tempting to generalize such findings and interpret the known function of the proteins in the particular biological context of the study. Such transfer of function between different systems can however be misleading and should be done with great care. Ideally, the causality of the proteomics-based correlations should be subsequently confirmed using complementary techniques (Diz et al. 2012) . The role of particular proteins in mediating specific behaviors can be tested experimentally, for example using RNAi technology (Marshall et al. 2009; Rogers et al. 2009; Marshall and DiRienzo 2012) , recombinant proteins (Fleming et al. 2009 ), or enzymatic (Schippers et al. 2006; Rogers et al. 2009 ) or toxicological (Resende et al. 2013) assays. Recently developed MS-based assays (Aebersold et al. 2013 ) also offer increasing opportunities for the subsequent quantitative monitoring of individual proteins in large number of individuals (Plumel et al. 2013) .
The outcome of a proteomic study can vary from confirmatory (supporting-or not-a previous hypothesis) to insightful (generating a new hypothesis). Confirmatory results are no less valuable than novel findings, if only because they validate the tested hypothesis and suggest that the analysis has uncovered most of the molecular mechanisms responsible for the observed phenotype. Often however, proteomic results bring evidence for previously unforeseen or unknown processes and provide valuable input for designing further behavioral experiments. Relevant examples include follow-up studies that described the involvement of mouse urinary proteins in individual recognition and communication. Initially, behavioral experiments employing wild house mice with known MUP types confirmed the role of MUPs in individual recognition (Hurst et al. 2001) . Later, a male-specific MUP identified in the mouse urine proteome (darcin) was isolated and characterized as a pheromone binding protein (Armstrong et al. 2005) . Subsequent behavioral experiments using recombinant darcin have shown that the protein itself is a sex attraction pheromone which stimulates learning and memory of individual-specific airborne volatiles (Roberts et al. 2010) .
PersPectives
Behavioral sciences observe and measure a variety of behaviors, but there is a deeper, "unseen" (i.e., molecular) level at which behaviors ensue, which escapes the typical behavioral ecology approach. Proteomics can provide an unbiased image of this level of behavior and facilitate access to the proximate mechanisms underlying behavior.
The hypothesis-generating character of proteomic approaches is particularly obvious in the case of behavioral ecology. Pioneer studies in this field have already provided valuable results but also raised interesting questions. A good example is that of proteins related to parental investment. Proteomic profiling of milk, eggs, and other types of samples has provided evidence for previously "hidden" forms of maternal investment, for example in embryo and offspring development and protection. However, it remains unknown whether individuals differentially allocate these proteins, for example based on risk of infection or on mate quality. Classical approaches targeting defense-related proteins suggest that this might often be the case (Bonisoli-Alquati et al. 2010; D'Alba et al. 2010; Giraudeau et al. 2011) . Nevertheless, an interpretation of the large amount of proteomic data available under a behavioral ecological perspective is still missing.
A large amount of proteomic data is also available for venoms from many species. The venom optimization hypothesis (Wigger et al. 2002) predicts that venomous animals minimize venom expenditure, because venom production is metabolically costly (Nisani et al. 2012) . Proteomics has confirmed that at least some species have the physiological means to adjust venom composition to the type of prey and hunting situation (Tayo et al. 2010; Leonardi et al. 2012) . Further proteomic research could provide more conclusive evidence for the biochemical optimization of venom composition in-line with the venom optimization hypothesis (Morgenstern and King 2013) .
The extensive applications of proteomics in other areas of biological research have also provided a large number of tools and data that are highly relevant for behavioral ecology. One example is that of reproductive biology, where metabolic labeling has been used to assess the dynamics of the mouse sperm and seminal vesicle proteome and to measure protein turnover (Claydon et al. 2012 ). This experimental approach can provide a measure of the plasticity of ejaculate composition, setting the stage for further study of phenotypic plasticity in protein production and allocation in response to changing social and environmental conditions. Another example is studies in psychiatry, where proteomics has been successfully used to study behavior-changing maladies. For example, a proteomic comparison of mice lines selected for high, normal, and low anxiety-related behavior revealed a role of mitochondria in modulating such behavior (Filiou et al. 2011 ). Neurological research is yet another source of interesting data. A recent example is an investigation of the rat suprachiasmatic nucleus which has uncovered several circadian-related neuropeptides (Lee et al. 2013) .
We believe there are 3 main areas in which proteomics can bring a significant contribution to behavioral ecology research. The first regards species whose behavior is less studied and understood. Such biological systems found in early stages of investigation can benefit most from the hypothesis-generating character of this approach. Second, proteomic approaches can help us to understand variation in behavior. Comparing protein expression patterns associated to different behaviors can reveal the molecular mechanisms underlying different behavioral decisions and strategies. Last but not least, the great potential of proteomics is achieved when the association between proteins and behaviors is confirmed through orthogonal approaches and the insights it provides are used to shape further behavioral research.
Most studies in behavioral ecology target non-model species for which genomic sequence information is scarce. For many of these species, homology-driven proteomics employing de novo protein sequencing is the most promising approach for protein identification. However, when sequence information is only available from phylogenetically distant species, or in the case of rapidly evolving proteins which share low homology with proteins from related species, the only prospect for a successful proteome analysis is genome or transcriptome sequencing. Next generation sequencing technologies have made genomic and transcriptomic information increasingly accessible and affordable (Wang et al. 2009; Ekblom and Galindo 2011) , and we expect that joining genomic, transcriptomic, and proteomic research efforts will lead to significant breakthroughs in the near future. With the recent technological advances in MS and bioinformatics and the contribution of ever-increasing genomic and transcriptomic data, the foundations have been laid for a more extensive use of proteomic tools in addressing questions related to behavioral ecology. We can safely say that the time has come for behavioral ecology to add one more device to its toolkit: proteomics.
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